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ABSTRACT 
 
MULTI-SCALE MODELING WITH AN INVERSE MAPPING CAPABILITY FOR 
DESIGNING BLAST RESISTANT COMPOSITE PANEL FOR LIGHT WEIGHT 
VEHICLES 
by 
John P Kim 
 
Chair: Nickolas Vlahopoulos 
 
Military vehicles emphasize weight reduction for increased fuel efficiency and 
airborne transportation. Weight reduction and a high level of survivability to blast loads are 
mutually competing objectives. Composite materials that exhibit good blast resistance 
characteristics can be employed for reducing weight in vehicles. This dissertation aims to 
create a computational optimization framework to determine the ply configuration of 
composite laminate panels of reduced weight and a high level of survivability. 
First, research is performed for investigating the performance of a multi-scale 
simulation process for composite material analysis by integrating a fully coupled Multi-
Scale Methods (MSM) framework in both micro-scale (fiber and matrix) and global-scale 
(vehicle) levels. The MSM framework is based on homogenization and localization 
between the micro-scale and the global-scale to consider deformation effects on effective 
material properties of the composites. The functionality of this multi-scale simulation 
capability and the effort to incorporate micro-constitutive material behavior at high strain
xi 
 
 rate loading into the simulation process are studied with associated case studies. Next, an 
inverse mapping capability for linking desired material properties with the composition of 
their micro structure in Micromechanics Analysis Code (MAC) in a computationally 
efficient manner is formulated, and an optimization analysis for identifying the desirable 
material properties for increasing the blast resistant characteristics is conducted. Finally, an 
optimization computational framework that can determine the configuration of each ply of 
a composite laminate panel to achieve the desired blast resistance characteristics at 
minimum panel thickness is created. A case study demonstrates how the new simulation 
approach can determine a matrix-fiber configuration and the orientation of the laminates for 
designing a blast resistant composite panel. Another optimal design case study of a 
sandwich structural composites panel is performed to present an extended capability of the 
computational framework. 
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CHAPTER 1:  
INTRODUCTION 
 
Military vehicles emphasize weight reduction for increased fuel efficiency and 
airborne transportation. Weight reduction and a high level of survivability to blast loads are 
mutually competing objectives. Composite materials that exhibit good blast resistance 
characteristics can be employed to reduce weight in vehicles. The work summarized in this 
dissertation presents the  technical elements of a computational optimization process to 
determine the ply configuration of composite laminate panels to achieve both increased 
resistance to blast loads and reduced weight. A more detailed discussion of research 
background is presented in the next section. 
 
1.1: Research Background 
The design of vehicles to resist a blast and provide protection to the vehicle and its 
occupants is of great interest. New combat vehicle designs emphasize weight reduction for 
increased fuel efficiency and airborne transportation; therefore, a significant effort must be 
invested to ensure that the vehicle’s survivability is not compromised.  Currently combat 
vehicles are subjected to blasts from explosive threats.  The recent wars in Iraq and 
Afghanistan have underlined the importance for increasing the protection of a vehicle’s 
occupant to explosions.  In addition to the loss of life, traumatic brain injuries and 
extremities injuries have been observed (Fischer, 2009; Galarneau et al, 2006).  Weight
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reduction and high level of survivability are mutually competing objectives. Therefore, 
significant effort must be invested in order to ensure that the vehicle’s survivability is not 
compromised. Composite materials provide some of the most viable options for 
manufacturing composite armor that can increase survivability without a significant weight 
penalty.  
In the first part of this research, a new multi-scale simulation for modeling the 
response of composite armor to explosive threats is presented. The development is based on 
the integrating BEST and MAC software with commercial finite element solver. This novel 
multi-scale simulation enables configuring the composite at the matrix-fiber level with 
consideration of the global deformation effect. 
Then, this multi-scale simulation can be used for improving the blast resistance of 
the composite panel by configuring its properties at the micro-level. The main objective of 
this second part is to develop an optimization framework that can determine the 
configuration of each ply of a composite laminate panel for achieving desired blast 
resistance characteristics at minimum panel thickness. A more detailed discussion of 
literature and research objectives are presented in the next section. 
 
1.2: Literature Review and Research Objectives 
The recent surge of multi-scale modeling related to solid mechanics originated from 
an unlikely source in the mid-90s, "the reduction of underground nuclear testing by more 
precise and accurate predictive tools" (Leszczynski and Shukla, 2009). Multi-scale 
modeling has increased rapidly in recent years using parallel computing power and 
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experimental capabilities, which is for structure-property relations characterizing to the 
atomic level. This multi-scale modeling capacitates solving the physical problems, which 
have important features on multiple scales, by calculating material properties or system 
behavior on one level with information from a different level. Multi-scale modeling can: 
reduce product costs through innovations in material, product, and process designs; reduce 
the number of costly large systems scale experiments; increase product quality and 
performance by providing more accurate predictions of response to design loads; and aid in 
developing new materials.  
Multi-scale modeling has been researched in different disciplines (solid mechanics, 
material science, physics, mathematics, biological, and chemistry), and applied to different 
length scales (from atoms to vehicles). In the field of multi-scale modeling of composites, a 
micromechanical method of cells has been developed for the analysis of fibrous composites 
with periodic structure (Aboudi, 1989; Aboudi, 1991). Analysis of composites using the 
Generalized Method of Cells (GMC), which is the basis of the Micromechanics Analysis 
Code (MAC) has been developed for the modeling of multiphase periodic composites. 
Effective constitutive laws that govern the overall behavior of elastic-viscoplastic 
composite materials within GMC have been established (Paley and Aboudi, 1992; Aboudi, 
1995). GMC theory was reformulated for maximum computational efficiency (Bednarcyk 
and Pindera, 1999; Bednarcyk and Pindera, 2000), and modified for the Integrated multi-
scale Micromechanics Analysis Code (ImMAC), which was developed by the NASA Glenn 
Research Center. ImMAC, which includes the Micromechanics Analysis Code (MAC) with 
the generalized method of cells, analyzes the thermo-inelastic behavior of composite 
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materials and laminates (Bednarcyk and Steven, 2002). Examples of the uses of multi-scale 
modeling in the composites field include: predicting the tensile strength of uni-directional 
fiber composites, including metal, polymer, and ceramic matrix composites (Xia and Curtin, 
2008); acting as a comprehensive framework for adaptive concurrent multilevel 
computational analysis (Ghosh, 2008); modeling different composite architecture, including 
particle-reinforced, fiber-reinforced, and woven fabric composites (Kwon, 2008); analyzing 
composites while considering extreme deformation from blast loads (Karagiozova et al, 
2010); and analyzing composites using the commercial finite element solver, LS-DYNA, 
implemented to model interfacial debonding (Soutis et al, 2011).  
However, to date, the capability of multi-scale modeling to analyze composites has 
been limited to specific phenomena, ranges of the blast loads, and length scales. It cannot 
be used to analyze extremely large deformation effects on a global scale. In order to 
consider large deformations, it is important to include strain rate effects in the simulation 
because the properties of materials under impact differ from those determined under static 
loading conditions (Hopkinson, 1901). A recent experimental laboratory study on the effect 
of high strain rate loading conditions emphasized the large inelastic deformation behavior 
of composites (Wang et al, 2011). A mismatch between the essentially static tensile or 
compressive test results, for which an approximately linear dependence of flow stress on 
the logarithm of strain rate occurs, and those higher flow stresses derived from generally 
more complicated dynamic material test results, also prove the importance of the high strain 
rate effect (Armstrong and Walley, 2008). Further, high strain rate effects, from the shapes 
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of pulses produced by explosion and projectile, become more and more important for blast 
event simulation.  
Therefore, it is important to create a new Multi-Scale Methods (MSM) to model the 
response of a composite panel to these large blast loads deformations. In order to give 
consideration to high strain rate deformation for blast event simulation, a modified Bodner-
Partom model is applied in this work by the creation of new code to implement this micro-
scale material model. The increased number of material constants of this micro-scale 
material model allows much more flexibility in representing viscoplastic, time- and 
temperature-dependent responses and produces better agreement with the experimental data 
(Sands et al, 2010).  
In the first phase of this dissertation, Multi-Scale Methods (MSM) creation, the LS-
DYNA solver, utilizing the BEST synthesis tool, is employed for simulating the soil–
explosive–air interaction and calculating accurately the loads on a target structure. In the 
past, several efforts have been made for modeling explosions and their effect on structures 
(Gupta, 1999; Bird, 2001; Gupta, 2002; Sun et al, 2006). The BEST process for conducting 
a complete analysis for the explosive/soil/vehicle/occupant interaction has been made along 
with validation through comparison to test data (Sun et al, 2006; Zhang et al, 2008). BEST 
is a synthesis tool with built-in knowledge for preparing the various data files required for 
conducting the blast simulation, and it is utilized in this research for evaluating the loads 
from the explosion on the structure and for preparing the LS-DYNA or ABAQUS 
computations for the vehicle structure. A major advantage of utilizing the LS-DYNA and 
ABAQUS solvers for blast event simulations instead of CTH hydrocode (McGlaun et al, 
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1990; Bell and Hertel, 1994) is that LS-DYNA and ABAQUS are commercially readily 
accessible codes, have a friendly user interface, can exchange data with commercial pre- 
and post- processors, make interpretation of the structure of the data files easy, and have 
numerical models for Anthropomorphic Test Devices (ATD) that can be readily integrated 
in the simulation as part of the vehicle finite element model. BEST provides a series of 
templates that guide the user in developing the necessary models for the blast event 
simulations.  A capability has been developed for automatically creating the finite element 
model for the air, the soil, and the explosive, given the structural finite element model for 
the vehicle. The effect of moisture in the soil properties is considered during the generation 
of the soil–explosive–air model used by the LS-DYNA solver.  Tracers are defined in the 
model for all structural finite elements, which are on the outer part of the vehicle structure 
and are subjected to the load from the blast.  The data for the pressure load from the 
explosion comprise the loading for the structural response of the target structure.  A 
methodology was also developed for using the pressure information from the explosion for 
assigning appropriate velocity and trajectories to projectiles and fragments that are part of 
the explosive threat.  The projectiles are considered along with the blast pressure load to hit 
the structure, and the response of the structure to the combined loads can be computed.  
Sequentially, the ABAQUS Explicit solver coupled with the Micromechanics 
Analysis Code (MAC) is used for computing the corresponding response of a target 
structure to the loads from the explosion within the MSM.  
In the second phase of this dissertation, a method to use MSM in the optimal design 
problem is studied. Although the MSM can be used for a micro-level configuration design 
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of the composites panel to improve the blast resistant capabilities, directly engaging the 
MSM simulations within the optimization environment for assessing the response of a 
panel to the blast loads for every different combination of design variables is 
computationally expensive. Moreover, a large number of different panel configurations 
must be evaluated during an optimization process. Therefore, in order to consider 
computational efficiency, an Inverse Material Engineering Algorithm (IMEA) is developed 
in this work to identify each ply configuration that results into a prescribed set of global 
mechanical characteristics for a panel. In the final computational framework, which is the 
last objective of this work and consists of the modified MSM and IMEA, first an 
optimization analysis is performed using modified MSM to determine the desired 
mechanical characteristics of a composite blast resistant panel with minimum thickness. 
Then the composition of each ply (i.e.; volume ratio and fiber orientation) is determined 
using the IMEA process.  
The inverse mapping method has been researched in different fields (e.g., material 
science, physics, mathematics) to estimate inputs through given outputs. Different from 
forward problems, which determine output from input, the inverse method capacitates 
material property determination from output data that has efficiency (Schnur and Zabaras, 
1992). In the field of composites, the inverse method has been used recently to determine 
material properties (Jiang et al, 2007). The IMEA process is proposed to inversely calculate 
the composition of the composites from optimal designed output data using several 
composites theories. A more detailed discussion of the overall process of the IMEA is 
presented in Chapter 3. 
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In the following paragraphs, the objectives of this work are summarized. There are 
three stages of this work. The main objective of the first stage is to establish the  integration 
of a fully coupled Multi-Scale Methods (MSM) framework in both the micro-scale (fiber 
and matrix) and the global-scale (vehicle) levels to model the response of a composite panel 
to these large deformations (blast loads from an explosive threat). Secondary objectives 
include extending this MSM capability to consider large deformations from blast load by 
including strain rate effects. 
The objective of the second stage of the work is the creation of an Inverse Material 
Engineering Algorithm (IMEA), which is based on inverse mapping theory, using several 
composites theory: nonlinear formulation for high strain rate effect, strength equations for 
fiber-reinforced composites, and Classic Laminate Theory (CLT). Secondary objectives 
include validating this IMEA using an optimal design problem to obtain a practical 
composite blast resistant panel's micro-level configuration design, such as a fiber volume 
fraction and a layer orientation of the laminated composites. 
The objective of the third, and final stage is the creation of an optimization 
computational framework, which includes modified MSM and IMEA for micro-level 
configuration design of  the composite panel which satisfies the light weight and the 
strength simultaneously. The optimization analysis using modified MSM is performed first 
to determine the desired mechanical characteristics of a composite blast resistant panel with 
minimum thickness. Then, the IMEA process identifies the composition of each ply. 
Secondary objectives include applying this computational framework to design an optimal 
9 
 
micro-level configuration of the composite panels, and validating the results. A detailed 
discussion of each objective is presented in the next session. 
 
1.3: Research Contributions 
In the area of multi-scale modeling, the proposed optimization computational 
framework, which enables multi-scale modeling of the composites over large strain rate 
loading conditions with computational efficiency, is very valuable for designing composite 
structures and satisfying two ever-present conflicting objectives: lighter weight and strength 
in performance. 
The main contributions of this thesis are: 
 The development of a Multi-Scale Methods (MSM) capability based on the 
coupling of the MAC and ABAQUS Explicit codes. The high strain rate 
effects from blast load are included in the modeling process by introducing 
the modified Bodner-Partom model in the MAC calculation.  
 The simulation using MSM is time consuming and not suitable for being 
utilized within a highly iterative design environment. Thus, an Inverse 
Material Engineering Algorithm (IMEA) is developed to calculate the 
micro-scale configuration design of the composites, when the effective 
material property matrix at each time increment are defined.  
 An optimization framework is developed for assessing the effective material 
properties that can minimize the thickness of a panel subjected to a blast 
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load. Then, the IMEA algorithm is used to identify its physical composition. 
Case studies demonstrate the utility and value of the new design process. 
In the first stage of the research, a fully coupled Multi-Scale Methods (MSM), 
which has capacities to propagate local phenomena of composites from deformation, is 
created by coupling the MAC and the ABAQUS Explicit solver module. The Explicit 
solver of ABAQUS, enabling dynamic analysis with large range of the loads, is coupled 
with the MAC code, enabling multi-scale computing from the micro level to the global 
level. A major advantage of this integrated multi-scale simulation process is that it allows 
propagating information from the constitutive micro-level, such as fiber failures, matrix 
damage, inelasticity, and interfacial debonding, to the global structural response level. The 
MAC and the ABAQUS codes exchange information through homogenization and 
localization simulation processes. During the homogenization process, the MAC code 
determines the material response at the integration points within each ABAQUS element 
from Micro-scale (Fiber and matrix level) to Global-scale (Vehicle level) pass through 
Meso-scale (Laminated composite material level). In essence, MAC operates as a nonlinear 
constitutive model within ABAQUS, representing the heterogeneous material. In reverse, 
during the localization process, local stress and strains computed by ABAQUS from 
incrementally applied loading are applied to the MAC for obtaining updated effective 
material properties (Figure 1).  
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Figure 1: Associated level scales for composite analysis. 
 
The coupling can be done in a fully coupled multi-scale mode and can be also done as a 
one-way-coupling without global scale deformation effects for demonstration study. In 
fully coupled mode, at each iteration of each time step, information about the strain field at 
each integration point of each element is communicated from ABAQUS to MAC. In return, 
the MAC code computes the constitutive properties and provides their updated values to 
ABAQUS. In the one-way coupling mode, the MAC code is used for computing the 
constitutive material properties (assuming no deformation) and provides them as input to 
the ABAQUS analysis. In order to consider the high strain rate effects in the blast event 
simulation process, the modified Bodner-Partom model is included instead of the 
Generalized Viscoplasticity with Potential Structure (GVIPS) model in the MAC 
calculation. The new user defined micro-scale model for MAC is written to apply a 
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modified model, and a demonstration case study is performed. This first stage of the work 
is included in a journal paper, “Development of a Blast Event Simulation Process for Multi-
Scale Modeling of Composite Armor for Light Vehicles”, accepted by the International 
Journal of Vehicle Design (IJVD), 2011.  
In order to design the micro-level configuration of the composites, the fully coupled 
MSM can be integrated into the optimization model for global-scale objectives using 
micro-scale design variables. The only problem is the expensive computational cost of the 
fully coupled MSM. In the second stage of this research, to overcome the expensive 
computational cost, the Inverse Material Engineering Algorithm (IMEA), which capacitates 
the micro-scale configuration design of the composites with global deformation effects, is 
studied. A modified MSM, capacitates provision of the effective material properties of each 
time increment of the ABAQUS Explicit calculation by a predicted strain rate. The 
eliminated iteration processes between the MAC code and the ABAQUS Explicit solver 
enable one to get the optimized material properties of a certain strain rate condition with 
efficient computational cost. However, in order to obtain practical design parameters of the 
micro-level configuration for the composite panel, the material matrix from the modified 
MSM should be converted to effective design factors, such as the fiber volume fraction and 
the layer orientation of the laminated composites. The necessity of this conversion is the 
basis of the IMEA that inversely calculates the material matrix to the micro-scale 
configuration design factor. This inverse calculation is based on several composites 
equations, and the feasibility of IMEA is provided with validation case studies that 
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inversely calculate for the one unknown and compares with given conditions as well as two 
unknown circumstances. 
The last stage links the previous two stages into an optimization computational 
framework. First, the modified MSM is used for one of the nonlinear constraints in the 
optimization frame to find optimal material properties and thickness data. Then, through 
IMEA, I can inversely calculate the formerly obtained optimal result from the first step to 
the optimal micro-level configuration of the composites panel. A case study demonstrates 
how the new simulation approach can determine a matrix-fiber configuration and the 
orientation of the laminates for designing blast resistant composite panel. The second and 
last stage of the work is included in a journal paper, “An inverse mapping capability for 
designing blast resistant composite panels through multi-scale modeling”, submitted to the 
International Journal of Vehicle Design (IJVD), 2012.  
The additional optimal design case study presents an extended capability of the 
computational framework for the heterogeneous material sandwich structure. In order to 
impart significant reinforcement, the energy dissipation is considered using a rubber 
sandwich structure, which consists of a rubber material between two fiber-reinforced 
composites panels. Additional layers of adhesive and center material are added, and an 
optimal design case study is performed using this sandwich structure, which is subjected to 
a blast pressure load condition. A detailed overview of the dissertation is presented in the 
next section. 
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1.4: Dissertation Overview 
The body of this dissertation is arranged to follow the stages of the research 
described above. In Chapter 2, a multi-scale simulation process using the coupled MAC 
and ABAQUS Explicit solver to compute the response of a structure subjected to a load 
from an explosion is established. Background on the Micromechanics Analysis Code 
(MAC) and Multi-Scale Methods (MSM) is presented in section 2.1. and 2.2. A fully 
coupling sequence of the ABAQUS-MAC solution is presented in section 2.3. In order to 
demonstrate the type of results obtained by the two coupling approaches, a generic target 
structure with a V shaped outer bottom, subjected to a load from an explosion, is analyzed 
using the one-way-coupling approach and the fully coupled method outlined in sections 2.4 
and 2.5. Further, a case study associated with the analysis of a generic all-metal structure 
and a metal-composite structure is also performed and presented in section 2.6. It is 
demonstrated that the new simulation approach can determine a matrix-fiber configuration 
and the orientation of the laminates in order to maximize the protection offered by the 
composite armor while reducing the weight. In addition to the above MSM development, in 
order to consider the high strain rate effects in the simulation process, the modified Bodner-
Partom model is employed instead of the GVIPS in the MAC calculation by using an 
additionally created micro-scale material code. This is presented in section 2.7. The 
computational process of the MSM is modified to provide appropriate material property 
specifications to the appropriate place and to harmonize the units. A simple target structure 
subjected to an explosive load is analyzed in order to demonstrate the high strain rate 
effects in the simulation.  
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In Chapter 3, formulating an inverse mapping capability for linking desired material 
properties with the composition of their micro structure in MAC in a computationally 
efficient manner is presented. Background on the multi-scale design optimization is 
presented in section 3.1. In order to overcome the expensive computational cost of using a 
fully coupled MSM, which enables the micro-scale configuration design of the composite 
materials by a simple optimization model with the global-scale objectives and the micro-
level design variables, research into an Inverse Material Engineering Algorithm (IMEA) is 
performed and presented in section 3.2. Two case studies in section 3.3 provide the 
sequence of the inverse calculation and validation of the IMEA concept. 
In Chapter 4, a computational framework that conducts an optimization analysis for 
identifying the desirable material properties for increasing the blast resistant characteristics 
is presented. The modified MSM and IMEA are integrated into the framework for the 
optimization analysis. An optimization computational framework is created by developing 
MATLAB codes and PYTHON codes to employ the previously developed and validated 
processes. The organization of the computational framework is discussed in section 4.1 and 
the functionality of the optimization process is discussed and demonstrated with a 
composite panel design case study in sections 4.2 and 4.3.  
Chapter 5 presents an additional optimal design study of a sandwich structure that 
consists of heterogeneous materials. Background on the sandwich structure, which intends 
to increase energy dissipation of the previous design of fiber-reinforced composite panel is 
discussed in section 5.1. The sandwich structure, which consists of silicon carbide fibrous 
titanium composites and rubber, can make the structure stronger by using energy 
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dissipation. An optimal design case study of the sandwich structure is presented in sections 
5.2, 5.3 and 5.4. 
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CHAPTER 2:  
A FULLY COUPLED MULTI-SCALE SIMULATION CAPABILITY FOR BLAST 
ANALYSIS OF THE COMPOSITES 
 
The main objective of this chapter is to document a multi-scale approach for 
simulating blast events of the composites and to present a demonstration study to validate 
the approach. As discussed in the introduction section 1.2, material property prediction of 
the composites during transformation makes it difficult for composites structure design. 
The motivation behind this work is to see if a micro-scale material property calculation tool, 
Micromechanics Analysis Code (MAC), can be used with a global-scale structure analysis 
tool to provide better results for a composite structure analysis. This chapter focuses on 
developing a Multi-Scale Methods (MSM) by coupling a micro-scale and a global-scale. 
Secondary objectives include extending the MSM capability to consider the high strain rate 
effects in the blast event simulation process. 
In this chapter, the coupling sequence to enable MSM, is explained. In this study, 
the LS-DYNA solver, utilizing the BEST synthesis tool, is employed to simulate the soil–
explosive–air interaction and to calculate accurately the loads on a target structure. 
Sequentially, the ABAQUS Explicit solver coupled with the MAC code is used for 
computing the corresponding response of a target structure to the loads from the explosion. 
This new framework is necessary for integrating all sorts of tools and combining them into 
one unified governing framework. This MSM framework is developed first based on 
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homogenization and localization and its implementation is validated by comparing existing 
one-way multi-scale and MSM results. The MSM results are compared with previously 
published bending experiment data using shear stress for evaluation. To consider high 
strain rate effects, a new user defined micro-scale model, which allows much more 
flexibility, for MAC is written and a demonstration case study is presented. A more detailed 
background on Micromechanics Analysis Code is discussed in the next section. 
  
2.1: Background on Micromechanics Analysis Code (MAC) 
The Generalized Method of Cells (GMC) forms the foundation of the MAC. This 
information is discussed in detail in Aboudi and Pindera, 1992 and the core theory is briefly 
presented here. The GMC is considering a repeating volume-element of a multiphase 
unidirectional fibrous composite with a periodic structure as the one depicted in Figure 2-
(a). This typical repeating volume-element consists of Nβ * Nλ sub-cells and each of these 
sub-cells is occupied by an elastic-viscoplastic material as Figure 2-(b). The equivalent 
continuum medium in which the repeating volume-element is represented by the point P as 
Figure 2-(c)  and the representative volume element consists of different elastic-viscoplastic 
materials, i.e., it represents a multiphase inelastic composite material.  
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Figure 2: Composite possesses a periodic structure that a representative repeating 
volume element from (Aboudi and Pindera, 1992). 
 
The micromechanical analysis starts by placing a repeating volume element of the periodic 
multiphase composite. Then macroscopic average stresses and strains are defined from the 
microscopic average stresses in sequence. The rate of displacements and tractions 
continuity conditions at the interfaces between constituents are imposed to eliminate the 
micro-variables and with micro-equilibrium, the relationship between microscopic strains 
and macroscopic strains are established through the relevant concentration tensors. Finally, 
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a set of continuum equations that model the overall macroscopic behavior of the composite 
are determined.  
The outlined micromechanical analysis steps form the basis of micro-to-
macromechanics analyses that describes the behavior of heterogeneous media. The 
resulting micromechanical analysis establishes the overall elastoplastic behavior of the 
multiphase inelastic composite. This behavior is expressed as an effective elastic-plastic 
constitutive relation between the average stress, strain, and plastic strain, in conjunction 
with the effective elastic stiffness tensor B* (Suquet, 1985; Paley and Aboudi, 1992). 
*( )    PB                                      (1) 
, where the effective elastic stiffness tensor B* is defined by  
* ( ) ( )
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                                                   (2)  
, where h is the sub-cell height, l is the sub-cell length, C(βγ) is the elastic stiffness 
tensor of material in each sub-cell, and A(βγ) is the concentration matrices at location (β , 
γ ). Location data of the sub-cell, β and γ, are presented in Figure 2. The composite plastic 
strain-rate tensor for two repeating sub-cells is defined by 
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, where  PS represents the plastic strain-rates vector of the sub-cells. The 
concentration matrices A and AP are defined as: 
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, where matrix AM  represents elastic properties of the material at the sub-cell level, 
matrix AG represents geometrical properties of the repeating-cell and matrix J represents 
interfacial properties of two repeating-cells. The GMC theories implemented within MAC 
code were reformulated for maximum computational efficiency and for considering 
deformation history, loading path and loading rate (Bednarcyk and Pindera, 1999). A 
detailed discussion of the Multi-Scale Methods (MSM) is presented in the next section. 
 
2.2: Multi-Scale Methods (MSM) 
The recent surge of multi-scale modeling related to solid mechanics is raised rapidly 
by parallel computing power and experimental capabilities, which is for the structure-
property relations characterizing to the atomic level. In different disciplines (solid 
mechanics, material science, physics, mathematics, biological, and chemistry), and 
different length scales (from atoms to vehicles), the multi-scale modeling has been 
researched. However, to date, the composites analyze capability of multi-scale modeling is 
limited to specific phenomena and ranges of loads and length scale, and is not capable of 
analyzing extremely large deformation effects of the composites from blast loads on a 
global scale. Therefore, it is important to develop a new Multi-Scale Methods (MSM) to 
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analyze the response of a composite panel to these large deformations (blast loads from an 
explosive threat). 
In MSM, utilizing the BEST synthesis tool, the LS-DYNA solver is employed for 
simulating the soil–explosive–air interaction and calculating accurately the loads on a target 
structure.  Sequentially, the ABAQUS Explicit solver coupled with the MAC code is used 
for computing the corresponding response of a target structure to the loads from the 
explosion. The ABAQUS Explicit solver, which enables dynamic analysis with a large 
range of the loads, has been coupled with the MAC code, enabling multi-scale computing 
from the micro-level to the global-level. During the homogenization process, the MAC 
code determines the material response at the integration points within each ABAQUS 
element. In essence, MAC operates as a nonlinear constitutive model within ABAQUS, 
representing the heterogeneous material. In reverse, during the localization process, local 
stress and strains computed by ABAQUS from incrementally applied loading are applied to 
the MAC for obtaining updated effective material properties. The formatted MSM 
capacitates to propagate local phenomena of composites, like fiber failures, matrix damage, 
interfacial debonding, throughout the structural response. This fully-coupled MSM is used 
for analyzing blast events. 
 The coupling can be done either in a fully coupled mode or as an one-way mode 
(Figure 3). In the former fully coupled mode, at each iteration of each time step, 
information about the strain field at each integration point of each element is communicated 
from ABAQUS to MAC. In return, the MAC code computes the constitutive properties and 
provides their updated values to ABAQUS and iterations are performed to update the 
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effective material properties. In the latter one-way mode, the MAC code is used for 
computing the constitutive material properties (assuming no deformation) and provides 
them as input to the ABAQUS analysis. A more detailed discussion of coupling sequence 
of the MSM is discussed in the next section. 
 
 
Figure 3: One-way and Fully coupled mode between MAC and ABAQUS solver. 
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2.3: Fully Coupled ABAQUS-MAC solution sequence 
The ABAQUS code can be used in two solver modules of operation, Standard 
(Implicit) and Explicit. The Standard module is primarily used for monotonic loading and 
linear or mildly nonlinear problems where nonlinearities are smooth, and the Explicit 
module is primarily used high-speed dynamic events. In this research, the Explicit module 
is employed for conducting blast event simulations. 
The FEAMAC code, compiled by NASA Glenn Research Center, comprises a fully 
coupled simulation process between the MAC and the ABAQUS Standard module. 
FEAMAC consists of ABAQUS/Standard user defined subroutines, as well as subroutines 
exclusive to the FEAMAC package. Mechanical analysis is achieved through the 
ABAQUS/Standard subroutine UMAT. For every integration point of each finite element, 
the UMAT subroutine is called by ABAQUS/Standard, and provides the strains, strain 
increments, and current values of state variables information to the MAC code. The MAC 
code then returns a new stiffness and stress state to the UMAT via the FEAMAC 
subroutine (Figure 4).  
 
Figure 4: Flow chart describing coupling between ABAQUS Standard and MAC. 
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However, the computational framework of the Explicit module differs significantly from 
the Standard one (Figure 5).  
 
 
Figure 5: Computational framework difference between Standard and Explicit 
solver. 
 
In the Standard module, the stress satisfying the constitutive equation is computed first and 
then a consistent tangent modulus (Jacobian Matrix) is evaluated for the specified time step 
(ex., Standard 1 or Standard 2 in Figure 5). Sequential iterations are performed until the 
stress obtained by the consistent tangent modulus satisfies the constitutive equation.  Each 
increment in this analysis consists of at least one iteration that requires the solution of a set 
of simultaneous equations.  The cost per iteration is roughly proportional to the number of 
degrees of freedom in the model squared. It is difficult to reach consistent tangent modulus 
for complex constitutive equation using the Standard solver. Further convergence for an 
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abrupt increase or decrease in the loads is deficient. As a result, the Standard module is 
primarily used for monotonic loading and linear or mildly nonlinear problems where 
nonlinearities are smooth. Different from this, in the Explicit module, each increment 
consists of one group of equations, so no iterations exist and the solution is calculated by 
explicit time integration step by step (ex., Explicit i in Figure 5). As a consequence, the 
Explicit module is primarily used in high-speed dynamic events, such as impacts and 
nonlinear transient analyses. The drawback of the Explicit module is that it is conditionally 
stable. The stability limit for an Explicit module is that the maximum time increment must 
be less than a critical value of the smallest transition times for a dilatational wave to cross 
any elements in the mesh. This limitation induces the expensive computational cost of the 
fully coupled MSM and precludes using the MSM with micro-level configuration design of 
composites. 
To resolve the difference between ABAQUS Standard solver and Explicit solver, 
the user subroutine VUMAT in the Explicit module must be used in addition to UMAT 
(Figure 6).  
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Figure 6: Flow chart describing coupling between ABAQUS Explicit and MAC. 
 
The VUMAT calls for blocks of material calculation points for which the material is 
defined in a user subroutine and updates the stress states for each material point in the block 
by looping through all material points in the block. On the other hand UMAT calls at all 
material calculation points of elements for which the material definition includes a user 
defined material behavior. Due to this difference, the VUMAT contains one additional 
column of the material point numbers compared to the UMAT arrays. For instance the 
stress state in UMAT is represented by the vector “STRESS (NTENS)” where “NTENS” is 
size of the stress component array, number of direct stress components and shear stress 
components, while the stress state in VUMAT is represented by the vector “STRESSNEW 
(NBLOCK, NDIR+NSHR)” where “NBLOCK” is the material point number of a block and 
“NDIR+NSHR” is size of the stress component array similar to “NTENS”. To utilize the 
existing FEAMAC subroutines to communicate with the MAC code, the VUMAT 
subroutine is formatted to interact between the existing subroutines and the Explicit module 
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by updating the stress state for each material point and deformation gradient information 
and converting them back. 
The ‘Coupling Module (CM)’, which includes formatted VUMAT and other user 
subroutines to couple MAC and the ABAQUS Explicit module, is created. The new 
subroutine updates the stress state for each material point and deformation gradient 
information and converts them back for UMAT-VUMAT conversion. VUMAT is 
initialized (e.g. STRESS(1) = DBLE(STRESSOLD(K1,1)), DFGRD0(1,1) = DBLE (DEF 
GRADOLD (K1,1)) and so on) and then calls UMAT to update the material properties with 
field variable data (e.g. STRESSNEW(K1,1)=SNGL(STRESS(1)). 
Other user subroutines for the Standard module, UEXTERNALDB, USDFLD, 
UVARM, UEXPAN, SDVINI and so on are transformed or reformulated for Explicit 
module calculation. Since stored data associated with material point is not stored in the 
Explicit state variable space, which is essential for MAC calculation, an additional several 
pages of FORTRAN code and PYTHON codes, to resolve an argument related to element 
number, integration number and so on, were also written. The overall structure of the MSM 
is created with above sequence as in Figure 7. An initial effective material property, which 
is calculated using MAC, is transferred from MAC to ABAQUS Explicit solver passing 
through CM. Then, ABAQUS Explicit solver returns the calculated transformation data to 
MAC through CM using PYTHON scripts. Iterations are performed to update the effective 
material properties.     
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Figure 7: Overall MSM structure and data flow sequence. 
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The formatted MSM capacitates to propagate local phenomena of composites, like 
fiber failures, matrix damage, interfacial debonding, throughout the structural response. 
This fully-coupled MSM will be used to analyze blast events. A case study to demonstrate 
the appropriate of the MSM is discussed in the next section. 
 
2.4: Case Study Definition 
A target structure similar to the one used in the experimental validation presented in 
reference (Vlahopoulos and Zhang, 2010) is used for the case study presented in this 
section. The target structure is comprised of a box with a V-shaped outer bottom. The 
numerical finite element model, which is used in the simulations, is presented in Figure 8. 
The dimensions of the box are 2m x 2m x 1.8m (1.8m is height), the floor of the box is 
0.8m above ground and the tip of the V-shaped outer bottom is 0.5m above ground. The 
roof and four lateral walls have thickness of 0.01m, the inner floor has thickness of 0.02m, 
and the outer V-shaped bottom has thickness of 0.03m. The BEST simulation process is 
used for conducting the analysis for the explosive and the air that surrounds the target 
structure.  
During this simulation, the interface between the structure and the air is considered 
as a rigid boundary. The simulation computes the pressure time histories at a number of 
tracer points placed at the interface between each structural elements and the air. During the 
analysis, the interaction between the explosive, the soil, and the air is computed and the 
load histories applied on the structure due to the explosion are computed. The BEST 
process also has the capability to include a user-defined number of projectiles as part of the 
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explosive threat (Zhang et al, 2008); however, in this case study, the projectile effects are 
not considered. 
 
 
Figure 8: Air-Explosive-Structure model for case study. 
 
To observe the difference between the one-way and fully coupled multi-scale 
approach, a set of three simulations is conducted first by considering the inner floor and the 
outer V-shaped bottom structure made out of composite material and the rest of the box 
made out of steel. Titanium matrix composite material, comprised by silicon carbide (SCS 
Ultra) fiber-reinforced titanium alloy(Ti-6Al-4V) matrix with 60 percent fiber volume 
fraction for each cell, is used for the inner floor and the outer V-shaped bottom structure. 
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The first two simulations are conducted by using the one-way coupling approach and the 
third simulation is conducted by a fully-coupled MSM. The material properties of steel, 
fiber, matrix, and the effective composite material properties from the MAC calculation are 
presented in Tables 1 and 2. 
 
Table 1: Material properties of steel. 
 Steel (unit) 
ρ  Density 7830 Kg/m3 
E  Elastic modulus 2.05*1011 N/m2 
υ  Poisson’s ratio 0.3 - 
SigY  Yield stress 0.35*109 N/m2 
Tangent modulus 0.636*109 N/m2 
Hardening parameter 0 (Kinematic) - 
Failure strain 0.25 % 
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Table 2: Effective composite material properties evaluated by the MAC code for zero 
levels of strain. 
 SiC Ti-6Al-4V unit 
 
CG - Effective/Macro Stiffness Matrix 
 
    0.4762E+05    0.1095E+05    0.1095E+05 
    0.1095E+05    0.4090E+05    0.1208E+05 
    0.1095E+05    0.1208E+05    0.4090E+05 
                              0.1184E+05 
                                            0.1349E+05 
                                                    0.1349E+05 
 
 CI - Effective/Macro Compliance Matrix 
 
    0.2320E-04   -0.4794E-05   -0.4794E-05 
   -0.4794E-05    0.2778E-04   -0.6925E-05 
   -0.4794E-05   -0.6925E-05    0.2778E-04 
                             0.8449E-04 
                                            0.7411E-04 
                                                   0.7411E-04 
 
 Effective Engineering Moduli 
 
     E11S= 0.4310E+05 
     N12S= 0.2066 
     E22S= 0.3600E+05 
     N23S= 0.2493 
     E33S= 0.3600E+05 
     G23S= 0.1184E+05 
     G13S= 0.1349E+05 
     G12S= 0.1349E+05 
 
 Effective Thermal Expansion Coefficients 
 
    0.1416E-05    0.3505E-05    0.3505E-05 
 
MAC code Calculation 
Results 
 
Compo-
site 
ρ   
Density 
3000 4428 Kg/m3 3571.6 
E1   
Axial elastic modulus 
4.15*1011 1.18*1011 N/m2 2.97*1011 
E2   
Transverse elastic 
modulus 
4.15*1011 1.18*1011 N/m2 2.48*1011 
υ12= υ13   
Axial Poisson’s ratio 
0.14 0.32 - 0.2066 
υ23   
Transverse Poisson’s 
ratio 
0.14 0.32 - 0.2493 
G12=G13   
Axial shear modulus 
182.05*109 44.65*109 N/m2 93.01*109 
G23   
Transverse shear 
modulus 
182.05*109 44.65*109 N/m2 81.63*109 
S11   
Axial tensile strength 
5.9*109 1.38*109 N/m2 3.36*109 
S22=S33   
Transverse tensile 
strength 
0.85*109 1.38*109 N/m2 0.748*109 
S12=S13   
Axial shear strength 
0.42*109 0.480*109 N/m2 0.370*109 
S23   
Transverse shear 
strength 
0.42*109 0.480*109 N/m2 0.425*109 
SC11   
Axial compressive 
strength 
3.90*109 0.825*109 N/m2 2.01*109 
SC22=SC33   
Transverse 
compressive strength 
3.90*109 0.825*109 N/m2 1.04*109 
Failure criterion 
Chang-Chang criterion (Chang 
et al, 1987) 
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The pressure load time histories, computed by the BEST process, comprise the loading for 
all three structural analyses. Figure 9 presents the typical load histories and the flow chart 
of the process that generates the loads for the structural analysis. Impulsive curve 
information from BEST is translated to each global-scale structure analysis solver, LS-
DYNA and ABAQUS, respectively. 
 
Figure 9: Interpret pressure loading for each solvers. 
 
The first two simulations use the one-way coupling approach. The MAC code is 
used first for computing the equivalent material properties that correspond to zero levels of 
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strain (Table 2). Then, the LS-DYNA solver and the ABAQUS Explicit solver are used for 
computing the response of the structure. The third solution is obtained by using the fully 
coupled MAC-ABAQUS Explicit solution. The purpose of conducting these simulations is 
to make certain that all three solutions are comparable. The results of the case study are 
discussed in the next section. 
 
2.5: Case Study Results - comparison  between one-way multi-scale analysis and fully 
coupled MSM 
Three blast event simulations are conducted and the results are compared in this 
section. Typical results computed by the LS DYNA and the ABAQUS Explicit solvers 
using the equivalent material properties (summarized in Table 2) are presented in Figures 
10-(a) and 10-(b), respectively. Results from the fully coupled MAC-ABAQUS simulation 
are presented in Figure 10-(c). 
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Figure 10: Structure response for blast event simulation. 
 
Although the outer V-shaped shield structure of all three solutions failed, these 
solutions do produce comparable results. A similar tendency is demonstrated in the 
response of the outer bottom from all three solutions. Two valleys are created on either side 
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with respect to the plane of symmetry along the y-direction and two peaks are created on 
both sides with respect to the plane of symmetry along the x-direction. Since the V-shaped 
outer shield structure failed rapidly, for comparison, the vertical deformation (z-
displacement) of the center node and two valley points in inner plate is measured 
immediately after the first failure of the inner plate (0.005 sec) and presented in Figure 11 
from the three analyses.  
The results of the comparison in Figure 11 show that the deformation using one-
way coupled LS-DYNA and one-way coupled ABAQUS Explicit are almost identical, and 
the deformation using the fully-coupled ABAQUS Explicit (MSM) is larger than the 
previous two results. The difference is fairly small before the first failure, but the gap is 
expanded after the failure point, and this small difference before the failure between one-
way and fully coupled one is used to develop the MSM-INFO framework in Chapter 3. 
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Figure 11: Z-displacement of the nodes. 
 
The results demonstrate comparable values between two one-way coupled analysis 
results, but larger z-displacement is encountered in the fully coupled MSM analysis result 
since effective material properties were updated continuously during calculation. The good 
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agreement observed in the results (as summarized in Table 3) demonstrates the proper 
implementation and development of the fully coupled MSM capability. The results of the 
one-way coupled using LS-DYNA (*1) and one-way coupled using ABAQUS Explicit (*2) 
show the identical value. And, the result using fully-coupled MSM shows larger data 
comparison between *1 and *2 by 9%.  
  
Table 3: Summary of Z-displacement of the three representative nodes at the final 
data point. 
 
 
One-way 
coupled using 
LS-DYNA*1 
One-way 
coupled using 
ABAQUS 
Explicit*2 
Fully coupled 
MSM  
Center node  
z-displacement (m)  
0.1558 0.1559 0.1715 
% increase of *1 - 0.06 % 9.15% 
% increase of *2 - - 9.09% 
Valley node 1  
z-displacement (m) 
0.1854 0.1856 0.2042 
% increase of *1 - 0.11 % 9.21% 
% increase of *2 - - 9.11% 
Valley node 2  
z-displacement (m) 
0.1952 0.1957 0.2153 
% increase of *1 - 0.25 % 9.33% 
% increase of *2 - - 9.10 % 
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To evaluate the results, additional bending and off-axis loading analysis is 
performed, since it is difficult to acquire the blast event experiment data. The difference 
between the one-way coupled and the fully coupled MSM analysis is also identified by both 
of the comparisons using the bending experiment data (Gonzalez and LLorca, 2001; 
Gonzalez et al, 2004) and the off-axis loading experiment data (Aghdam et al, 2000) 
condition in Figure 12 and Figure 13. The silicon carbide fiber-reinforced titanium alloy 
matrix composites with 35% fiber volume fraction is used in the first bending experiment. 
The same composition of the composites, but with a different fiber volume fraction of 33%, 
is used in the second off-axis loading experiment. In the both comparisons, the experiment 
data from literature is represented using the rhombus marked line. The data from the one-
way coupled using LS-DYNA and ABAQUS Explicit are represented using the square and 
the triangle marked line, and they show the significant difference compared to the 
experiment data. The data from the fully-coupled ABAQUS Explicit (MSM) is represented 
using the cross marked line, and shows a very good agreement to both the bending and off-
axis loading experiment data. 
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Figure 12: Comparison between FE prediction and bending experimental data. 
 
 
Figure 13: Comparison between FE prediction and off-axis loading experimental 
data. 
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Contrary to the one-way coupled analysis results, the fully-coupled MSM analysis 
result is in good agreement in the whole range of both comparisons, and the 
appropriateness of the newly created fully-coupled MSM is demonstrated. An additional 
case study for the utilization of the MSM is discussed in the next section. 
 
2.6: Utilization Case Study  
To demonstrate how the new MSM methodology can be used for configuring light 
weight blast resistant armor, the target structure analyzed in the previous section is 
subjected to the combined load from 5.352kg of C4 and high velocity projectiles. An all-
steel configuration comprises the baseline design. The thickness of the four lateral sides and 
the roof is 0.01m, and the thickness of the inner floor and the outer V-shaped bottom is 
0.015m. The overall weight is approximately 2467kg. In this case study, the micro-scale 
simulation capability is employed for identifying an inner floor and an outer V-shaped 
shield configuration made out of composite that offers a similar level of protection with the 
steel structure. The relative composition of each composite laminate layer cell, the 
orientation of each laminate layer, and the thickness of each layer can be used as design 
parameters when determining a double floor configuration that weights less but offers 
similar protection levels with the one made out of steel. The level of permanent 
deformation and/or failure of the outer V-shaped bottom floor and the maximum 
deformation encountered in the center of the inner floor comprise the performance metrics 
considered in this study. A configuration that reduces the total weight to 2222.3kg is 
identified. The outer V-shaped bottom floor has 0.03m thickness and the inner bottom 
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thickness is 0.02m. A configuration of two perpendicular laminated composites is used for 
the inner floor and outer V-shaped bottom floor. The number of layers and the orientation 
of each layer are summarized in Table 4.  
 
Table 4: Inner floor and outer V-shaped bottom floor configuration of re-designed 
composites floor. 
 
 Orientation Thickness (m) 
 Inner floor 
Outer V-shaped 
bottom floor 
Inner Floor  
Outer V-shaped 
bottom floor 
Layer 1 
0º from x axis  
in local x-y plane 
0º from x axis  
In local x-y plane 
0.010 0.015 
Layer 2 
90º from x axis  
in local x-y plane 
90º from x axis  
in local x-y plane 
0.010 0.015 
 
The overall deformation encountered in the two structures is presented in Figure 14. The 
composite outer V-shaped bottom floor failed in both the steel structure and the re-designed 
composites structure. However, the maximum displacement encountered in the middle of 
the inner floor is 0.003279m for the steel structure and 0.002348m for the composite. Thus, 
improved blast resistance characteristics are observed by the composite structure while the 
weight of the overall structure is reduced. This case study demonstrates how the MSM can 
be used for configuring blast resistant light weight structures.  
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Figure 14: Deformation of steel and steel-composite structures. 
 
An interesting result observed during the utilization study is that different types of 
load need different micro-scale configurations. The initial velocity load of the projectile 
shows a better result with parallel fibrous configuration in opposition to a pressure load of 
the explosion, which needs a perpendicular fibrous configuration for a better result. This 
result is an effective aid to the upcoming inverse material engineering algorithm research. 
To consider the high strain rate loading condition of the blast event simulation, a 
modification of the micro-scale material model is discussed in the next section. 
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2.7: Extending MSM Capability to High Strain Rate Loading  
It is important to include strain rate effects in the simulation because the properties 
of materials under impact differ from those determined under static-loading conditions 
(Hopkinson, 1901). A recent laboratory experimental study on the effect of a high strain 
rate loading condition emphasized the large inelastic deformation behavior (Wang et al, 
2011). A mismatch between the essentially static tensile or compressive test results, for 
which an approximately linear dependence of flow stress on the logarithm of strain rate 
occurred, and those higher flow stresses derived from generally more complicated dynamic 
material test results, also prove the importance of the high strain rate effect (Armstrong and 
Walley, 2008). Further, high strain rate effects from the shapes of pulses produced by 
explosion and projectile become increasingly more important for blast event simulation.  
To consider the high strain rate deformation for blast event simulation, a modified 
Bodner-Partom model has been considered in this work. The increased number of material 
constants of this model allows much more flexibility in representing visco-plastic, time-, 
and temperature-dependent responses, and produces better agreement with the experimental 
data (Sands et al, 2010). The new user defined micro-scale material model for MAC code is 
created to apply a modified model and a demonstration case study is performed.  
The modified Bodner-Partom model is considered as a substitute of the initial 
Generalized Visco-plasticity with Potential Structure (GVIPS). A variety of methods have 
been explored in the past to accurately characterize the strain-rate sensitivity, and time 
dependent (visco-plastic) response of a Ti matrix. The GVIPS model has a visco-rate 
dependent behavior, bounded by two rate independent plasticity models; in particular it 
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approaches either generalized plasticity or classical plasticity depending on whether the 
internal characteristic time is large or small compared to the loading rate. Other interesting 
features are: (1) it smoothly reaches a limiting stress asymptote for both monotonic and 
cyclic loading conditions and (2) if unloaded from the plastic range, upon reloading, it 
renews plasticity before the attainment of the stress where unloading begins.  
Although the lower stress ranges could be accurately modeled with a new set of 
constants, the new set of constants would then be less accurate in characterizing the higher 
strain-rate cases. Consequently, to extend the range of the model to include the levels of 
kinematic hardening that may be problematic in the traditional formulation, the modified 
Bodner-Partom model was integrated into the fully-coupled MSM. The first assumption in 
this analysis is the additive decomposition of the total strain, εij
tot
, into elastic, thermal, and 
inelastic components.  
     ij ij ijtot el th ij in                                                (7) 
The elastic strain, εij
el
, depends on the current stress state, the elastic modulus E, 
and Poisson’s ratio υ. The thermal strain component, εij
th
, equals the product of the 
coefficient of thermal expansion and the difference between the current and reference 
temperatures. The Bodner-Partom (B–P) flow rule governs the evolution of the inelastic 
strain, εij
in
, using   
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with the two hardening variables, ZI and ZD, for the isotropic and directional 
hardening, respectively. D0 is the limiting strain rate, sij are the components of deviatoric 
stress with J2 equal to (sij sij)/2. The evolution of Z
I and ZD has similar empirical forms. 
Each equation consists of a hardening, thermal recovery and temperature rate term, with the 
recovery rate coefficient for isotropic hardening A1, the non-work hardened condition state 
variable Z1, the isotropic hardening factor Z2, the maximum value for kinematic hardening, 
time T, the stress σ and strain ε at visco-plastic constant n, m, and the material parameter 
r1, r2.  
2 1 21
1 1 1 1
1 1 2
( ) ( ) ( )     
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The modified Bodner-Partom model proposed the hardening rate term m1 to be an 
exponential function of the state variable for hardening, ZI, as  
1 1 1 1 1 2( ) exp[ ( )]    Ib a b cm m m m m Z Z                                                     (15) 
, with the positive material constants m1a, m1b, m1c. 
The second modification was made in the constant value of A1, which also becomes 
a function of the hardening variable ZI,  
1 1 1 1 1 2( ) exp[ ( )]    Ib a b cA A A A A Z Z                                                       (16) 
, with the additional material constants A1a, A1b, A1c 
 The increased number of the material constants allows much more flexibility in 
representing visco-plastic and time- and temperature-dependent responses. In the neat 
matrix form, the modified Bodner-Partom model produces better agreement with the 
experimental data. This model requires additional modification to account for matrix 
cracking damage, but the cracking criterion is not needed for the current research step. 
In the original fully-coupled MSM, MAC uses the GVIPS model with SI units and 
substitutes μ, κ, Rα, B0, B1, n, p, q, κ0, B0’, and β specifications from the global-level finite 
element calculation. However, the modified Bodner-Partom model uses English units and 
needs to present D0, Z0, Z1, Z2, Z3, m1, m2, n, a1, a2, r1, r2, Dm1, Dm2, Dz1, Dz2, and Dz3 
specifications. To address this problem, the CM, which fully links the MAC code and the 
ABAQUS Explicit module, was modified to change the units and assign the appropriate 
material property specifications by developing a new micro-scale material model within 
MAC (Figure 15).  
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Figure 15: Overall modified MSM structure and data flow sequence. 
 
As shown in Figure 15, a newly developed micro-scale material code engages the 
effective material properties to the ABAQUS Explicit solver through CM, and obtains the 
transformation date directly from ABAQUS solver. To demonstrate the modified MSM, a 
simple pressure load analysis with various strain rates, which has same peak load with 
different duration, is performed (Figure 16). The simple panel structure using 100 elements 
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is set up with the 16 pressure load elements. Also, a node has been selected to compare the 
results from different strain rate conditions.   
 
Figure 16: Simple pressure load analysis with different strain rate. 
 
A similar tendency has been observed in the low strain rate in both of the original and 
modified material model, but dissimilar results have been observed in the high strain rate 
(Figure 17).  
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Figure 17: Z-displacement of the specified node for various strain rate condition. 
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The results of the modified MSM also show better agreement with the results from 
bending and off-axis loading experiments (Figure 18 and Figure 19), which are used in 
section 2.5. In both results of the comparison, the experimental data from literature is 
represented using the rhombus-marked line. The data from the original MSM is represented 
using the square-marked line, and the data from the modified MSM is represented using the 
triangle-marked line. The results from the comparison demonstrate that the modified MSM 
shows better agreement as compared to the original MSM. 
 
Figure 18: Compare original MSM and modified MSM prediction with bending 
experiment data. 
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Figure 19: Compare original MSM and modified MSM prediction with off-axis 
loading experiment data. 
 
This good agreement demonstrates the proper implementation and development of 
the fully-coupled MSM capability for the high strain rate problem. The newly modified 
MSM is included within an optimization computational framework and a discussion of the 
process is presented in the next Chapter. 
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CHAPTER 3: 
INVERSE MAPPING METHODS FOR MULTI-SCALE DESIGN OPTIMIZATION 
WITH COMPUTATIONAL EFFICIENCY 
 
The objective of this chapter is to document an Inverse Material Engineering 
Algorithm (IMEA), which capacitates the design of a micro-scale configuration of 
composites with reduced computational cost. The high computational cost of the fully 
coupled MSM is caused by the cost of the ABAQUS Explicit solver to achieve stability, 
and the cost of the iteration process within each time increment in MSM itself. Increasing 
the time increment size by coarsening the finite element mesh or any artificial inertia or 
mass penalty technique can reduce the first computational cost. Otherwise, parallel 
computing using powerful workstations can overcome the cost problem. However, in this 
work, inverse mapping methods are studied and integrated to increase computational 
efficiency.  
This chapter focuses on developing an IMEA based on the inverse calculation by 
employing fundamental composites theory to inverse calculations. An optimization analysis, 
which will be discussed in the next section, is performed first to determine the desired 
mechanical characteristics of a composite blast resistant panel. Then, the IMEA process 
identifies the composition of each ply with computational efficiency.  
The primary contribution of this chapter is the development of an inverse 
calculation sequence to enable IMEA. In this study, MSM is modified to eliminate the 
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iteration process and several composites theories are integrated into the IMEA. The 
feasibility of the IMEA is demonstrated by validation case studies that compare one 
inversely calculated unknown with given conditions as well as two unknown conditions. A 
detailed background on the computational cost problem of the multi-scale modeling using 
MSM is discussed in the next section. 
  
3.1: Multi-Scale Design Optimization 
One method of the micro-scale configuration design of the composites is using the 
MSM as a constraint component of a simple optimization model. Micro-scale design 
variables can be achieved with some constraints, such as maximum stress and strain 
needing to be less than the value at the failure point, and global-scale objectives, such as 
minimizing the thickness of the blast panel structure. To integrate the fully-coupled MSM 
within the optimization model, several Python language codes are compiled to access the 
ABAQUS Explicit data stored in an output database (Figure 20). The micro-scale design 
variables are directly controlled in the ABAQUS input file, and the MSM framework 
produces the maximum stress and strain, which can be used for non-linear design 
constraints within optimization framework. Using a simple optimization algorithm, the 
optimal configuration design of the composites panel can be achieved using the iterative 
design optimization framework.  
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Figure 20: Flow chart of micro-scale configuration using a simple optimization 
model. 
 
Python is the standard programming language for the ABAQUS solver. In contrast 
to the unrestricted utilization of the calculation data in the ABAQUS Standard solver, in the 
ABAQUS Explicit solver needs further scripts to access the data in an output database 
using ABAQUS scripting interface. An output database generated from an analysis contains 
both models, which describes the parts and part instances that make up the root assembly, 
and results data, which describe the results of the analysis. To use calculated results that 
include stresses and strains, several Python scripts use output to configure the contents of 
the data. To improve the efficiency of the script itself, objects used to hold temporary 
variables while the script is executing are created. The object, which holds the variable, 
improves the script when the script accesses the temporary variable while a loop, and, as a 
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result, the ABAQUS solver does not need to reconstruct the sequence of objects each time 
the script accesses a component. 
Despite all these efforts to increase efficiency, to achieve stability of the MSM, the 
maximum time increment needs to be smaller than a critical smallest transition time value 
to cross any mesh element for an expansion wave (Sun et al, 2000). The computational cost 
is rapidly increased from the tangent stiffness matrix and occurs at critical divergence, and 
difficulty of force equilibrium from local instabilities causes interruption to achieve in high 
strain rate blast event analysis. Because of these reasons, the ABAQUS Explicit solver is 
applied to MSM to overcome the disadvantages of the implicit solver. ABAQUS has 
various methods, such as a modal dynamic algorithm for dynamic problems; however, the 
direct integration method can only provide suitability for nonlinear problems. This cost 
from integration increases the expensive computational cost of the MSM itself and 
precludes using the MSM with the micro-level configuration design of composites.  
The computational costs are also increased by the iteration process within each time 
increment and between the MAC and the ABAQUS Explicit module to update effective 
material properties. This iteration is one of the most important and indispensable parts of 
the MSM because it considers the global-scale deformation effect from the high strain rate 
blast load condition in every calculated time increment. This iteration allows propagating 
information from the constitutive micro-level, such as fiber failures, matrix damage, 
inelasticity, and interfacial debonding, to the global structural response level for 
instantaneous blast event simulation.   
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For such reasons, the computational cost of using MSM as a design constraint in 
optimization is doubled with optimization cost, and another novel idea to reduce 
computational cost becomes necessary. A micro-scale configuration design using an 
optimization frame with a one-way coupled multi-scale method, which has no consideration 
of the global-scale deformation effects, has been performed as the beginning simple 
approach, and has been compared with using MSM. Although this frame cannot reduce the 
computational cost related to first discussed ABAQUS stabilization, the cost from the 
iteration process of the MSM can be compared. The time increment sizes are selected to 
provide stability, and optimization results are outputted at each iteration for all the 
calculations to provide consistent levels. A dual-core CPU workstation with sufficient four 
Gigabyte RAM memory is used to compare with different quantities of the design variables, 
and the comparisons are given in Table 5.  
Table 5: Computational cost comparisons from iteration process. 
 
Optimization 
Design variables Constraints unit 
Calculation 
time (s) 
per iteration
Comparison 
2 
One-way coupled  
(No iteration) 
24 1 
2 MSM (Iteration) 10,800 450 
3 
One-way coupled  
(No iteration) 
27 1 
3 MSM (Iteration) 12,600 467 
 
To consider the global-scale transformation effect, the iteration process between 
MAC and ABAQUS makes almost 500 times more computational cost. Since the 
computational cost from the time increment size of the ABAQUS calculation is 
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proportional to the increment size, the critical reason of the high computational cost is 
expected to come from the iteration process. To reduce the computational cost of the MSM, 
several methods are studied in the next section. 
 
3.2: Inverse Material Engineering Algorithm (IMEA) 
Besides depending on high performance parallel computing power to reduce the 
computational cost of the ABAQUS Explicit solver (just one part of the MSM), other 
solutions can increase the time increment size by coarsening the finite element mesh or any 
artificial inertia or mass penalty technique (Macek and Aubert, 1995). As a variant of mass 
scaling, the addition of virtual mass terms in the mass matrix would decrease the highest 
frequencies of the system without significant effect to the structural modes. The mass 
penalty technique includes the ability to preferentially reduce the high-frequency modes 
with little effect on the low-frequency structural modes and the ability to easily adjust the 
highest frequencies of the structure. The addition of a stiffness proportional mass matrix to 
the physical mass matrix preserves the rigid body behavior that is particularly important for 
systems where part of the structure is stiff and, thus, may basically respond as a rigid body. 
Improvements in CPU usage without significant loss of accuracy for problems involving 
moderate dynamic response were established. However, its efficiency is limited to small 
deflection material non-linear analyses. And again, this improvement can only reduce the 
computational cost of the one part of the MSM.   
Therefore, rather than increasing the time increment size or relying on 
supercomputers, introducing MSM-INFO as a new module that enables the reduction of 
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computational cost by eliminating the iteration process between MAC and ABAQUS 
Explicit solver module is studied. The iteration process was originally used in the MSM to 
exchange the information through homogenization and localization simulation processes. 
During the homogenization process, the MAC code determines the material response at the 
integration points within each ABAQUS element. In essence, MAC operates as a nonlinear 
constitutive model within the ABAQUS Explicit module, representing the heterogeneous 
material. In reverse, during the localization process, local stress and strains that are 
computed by the ABAQUS Explicit module from incrementally applied loading are applied 
to the MAC for obtaining updated effective material properties. Through the iteration 
process, effective material properties with the strain rate effect at each time increment can 
be determined (Figure 21).   
 
 
Figure 21: Flowchart for MSM framework. 
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The idea of the MSM-INFO proceeds from elimination of the iteration process, 
which is used in consideration of strain rate effects. The difference in the strain rate data 
between the one-way multi-scale method and MSM is not exceedingly considerable before 
the subject structure failed in accordance with previous MSM demonstration study in 
Chapter 2.4. The major concept of the MSM-INFO is that it takes advantage of this similar 
tendency and uses pre-calculated strain rate data to calculate material properties in each 
time increment of ABAQUS analysis. Among the 36 pieces of constitutive material 
property information of the uni-directional fiber-reinforced composite material, six 
properties (section 4.2) are applied in this work using the symmetrical arrangement and the 
identical layer thickness design parameter. Because the optimal design cares for a non-
destructive structure for a given blast load, this modified framework makes the 
optimization frame run with computational efficiency in conjunction with consideration of 
the global-scale deformation effect. To materialize, the material properties variables ought 
to be controlled in the MAC-INFO module and other variables are controlled in ABAQUS 
input file, in contrast with all the variables being controlled in the ABAQUS input file as 
the original method. Using the predicted strain rate information at each time increment, 
from pre-run one-way multi-scale method, the material properties by the matrix form of the 
structure can be attained, and this matrix can be utilized for micro-scale configuration 
design by an inverse calculation using the composite theory (Figure 22). 
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Figure 22: Flowchart for MSM-INFO framework. 
 
The MSM-INFO module capacitates provision of the effective material properties 
of each time increment using a predefined strain rate from the one-way coupled multi-scale 
analysis, which is modified with Bodner-Partom micro-scale material model. A strain rate 
of the each time increment is predefined to reduce the computational cost. The eliminated 
iteration processes between the MAC code and the ABAQUS Explicit module enable 
determination of the optimized material properties of a certain strain rate condition with 
efficient computational cost.  
However, to obtain a practical design of the micro-level configuration for the 
composite panel, the material matrix at a specific strain rate should be converted to 
effective design factors, such as fiber volume fraction and layer orientation of the laminated 
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composites. The necessity of this conversion is the basis of the IMEA that inversely 
calculates the material matrix using MSM-INFO to the micro-scale configuration design 
factor. This inverse calculation is based on several composites equations, which are 
provided in the next two sections, and the concept feasibility will be provided with 
validation case studies that inversely calculate for the one unknown and compares with 
given conditions as well as two unknown circumstances. The two case studies are discussed 
in sections 3.3 and 3.4 to provide the sequence of the inverse calculation and to validate the 
concept. 
 
3.3: IMEA Validation Study with One Unknown - fiber volume fraction 
With the material properties matrix and the strain rate information, an inverse 
calculation capacitates a micro-level configuration by several composite theories included 
in parentheses. A case study with manual calculation is performed to verify the pre-
nominated concept with 0.6 fiber volume fraction composites. To formulate the strain rate 
effect, the concept of the scaling rule was established, and applied with nonlinear 
formulation, which is similar to a model commonly used to describe high strain rate 
behavior (Weeks and Sun, 1998; Matsuoka, 1992). The parameter P, given by power law,  
1
1
* 
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 
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 
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c
i
iP P                                                                                                     (17) 
, is a function of the totally dominated strain rate i , with coefficient c from experimental 
data. However in this study, to demonstrate the IMEA concept, a coefficient c has been 
obtained (-0.0305) from a simple tensile load analysis with a stress parameter. Three strain 
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rate conditions with a stress parameter are used to calculate the coefficient using the above 
power law equation (Figure 23). 
 
Figure 23: Tensile load analysis to obtain the coefficient. 
 
The effective material properties are calculated using fully coupled MSM with the 
strain rate information with given fiber volume fraction (Vfiber = 0.6). On the other hand, 
using previously obtained coefficient c, the material property information of the fiber and 
the matrix are defined for each strain rate condition. The inverse calculations, to find the 
volume fraction, are performed sequentially (Figure 24) for each strain rate condition by 
using the simple strength equation for the fiber-reinforced composites (Hale and Kelly, 
1972),   
(1 )    composite fiber matrix fiber fiberP V P V P                                                         (18) 
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, with composite parameter Pcomposite, the matrix material parameter Pmatrix, the 
fiber material parameter Pfiber, and the fiber volume fraction Vfiber. 
 
 
Figure 24: Inverse calculation sequence to find unknown fiber volume fraction. 
 
, and the three inversely calculated fiber volume fractions Vfiber of each strain rate 
condition are determined in Table 6. The results from comparisons show that the inversely 
calculated fiber volume fractions and the given fiber volume fraction have an identical 
value.  
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Table 6: Inversely calculated fiber volume fraction of each strain rate condition. 
 
Strain rate (sec-1) Fiber Volume Fraction Error (%) 
0 (Given) 0.6000 (Given) - 
18342.2 0.6011 (Inverse Calculated) 0.18 
139774 0.5949 (Inverse Calculated) 0.85 
9985300 0.6042 (Inverse Calculated) 0.70 
 
This good agreement between the given volume fraction and the inversely 
calculated volume fraction demonstrates the properness of the concept of IMEA for one 
unknown, fiber volume fraction.  
 
3.4: IMEA Validation Study with Two Unknowns - fiber volume fraction + layer 
orientation 
Another case study with manual calculation is performed to verify the pre-
nominated concept with two unknowns using 0.5 fiber volume fraction composites and 0-
45-0-45 layer orientation conditions. Aside from the strain rate effect and simple composite 
strength equations, to formulate the laminate effect, the Classical Laminate Theory (CLT) 
is used (Ochoa and Reddy, 1992; Gunnink, 1985). In the first sequence, from the given 
thickness (0.01m), fiber volume fraction (Vfiber = 0.5), and laminated orientation condition 
(Ori : 0-45-0-45), the MSM framework calculates the laminated material matrix at a 
certain strain rate (Figure 25). 
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Figure 25: Inverse calculation sequence 1 - Calculate material matrix from given 
conditions 
 
The material matrix with two unknowns, fiber volume fraction and layer orientation, is 
calculated from the opposite side using the previous two composite equation, power law 
equation for strain rate effect, and the additional CLT theory for lamination in the second 
sequence (Figure 26). 
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Figure 26: Inverse calculation sequence 2 - Calculate material matrix with two 
unknowns, fiber volume fraction and layer orientation  
   
The one layer composite material matrix with one unknown fiber volume fraction is 
calculated using the previous fiber-reinforced composites equation. Then, the one layer 
material matrix at specific strain rate is calculated using the previous power law equation. 
The laminated material matrix at a specific strain rate with two unknowns, fiber volume 
fraction, and laminated orientation is calculated using CLT theory. The material matrix 
from the first sequence is compared to the material matrix with two unknowns from the 
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second sequence. The two solution sets are obtained from comparing the matrix from the 
given conditions against the matrix, which includes two unknowns, and calculated from the 
material properties of fiber and matrix. The second solution set has been chosen, since it 
has same blast performance but lighter weight (Figure 27). Since the fiber volume fraction 
is the only design parameter related to the weight in this case, the larger fiber volume 
fraction represents the lighter weight. To implement this selection, a simple MATLAB code 
using a comparison analysis is developed. The process in this work does not need more 
mathematically calculated boundary conditions, however, several literature studies are 
considered to apply the conditions for later research (Jiming et al, 2006; Liu et al, 2002; 
Schnur and Zabaras, 1992).     
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Figure 27: Inversely calculated solution sets at a strain rate 18342.2 (1/sec). 
 
The results at the other strain rate condition are calculated and compared in Table 7. The 
results from comparisons show that the inversely calculated design parameters and the 
given conditions are identical.  
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Table 7: Inversely calculated Volume fraction and Orientation at each strain rate 
condition. 
 
 Fiber volume fraction  Orientation  
Strain rate 0.5 (Given) Error 45 (Given) Error 
0 0.5131 0.0262 47.71 0.0602 
18342.2 0.5299 0.0598 46.5815 0.0411 
139774 0.5299 0.0598 45.4928 0.0110 
9985300 0.5299 0.0598 47.3836 0.0530 
 
This good agreement between the given condition and the inversely calculated fiber 
volume fraction and layer orientation demonstrates the concept feasibility of the IMEA. 
The validated IMEA concept is compiled in a MATLAB file to use within the 
computational framework, which capacitates the micro-level configuration design for 
specific global-level functionality. In the field of the composites, inverse methods are a 
novel area of study, which include:  
 A mixed numerical-experimental identification procedure study estimated with a 
nonlinear least squares using both the extracted mode shapes and the natural 
frequencies of the structure (Cugnoni et al, 2007);  
 A mixed testing-numerical method study using hybrid genetic algorithm to 
identify the elastic constants of the composites (Hwang et al, 2007; Liu et al, 
2007); and 
 An inverse method study using uncertainty in the system to determine the 
properties of the composites using vector (Jiang et al, 2009).  
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These hybrid numerical-experimental and uncertainty inverse methods can be included 
in the IMEA without difficulty, though the computational cost would be also increased. 
Accordingly, the inverse method using composite equations, which is discussed in 
sections 3.3 and 3.4, is implemented within the computational framework and 
additional literature studies to predict a more precise configuration of the composites 
should be undertaken sequentially. A discussion of the computational framework using 
an optimization framework and IMEA is presented in the next section. 
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CHAPTER 4: 
A COMPUTATIONAL FRAMEWORK FOR MICRO-LEVEL CONFIGURATION 
DESIGN OF A COMPOSITES PANEL 
 
The objective of this chapter is to document a computational framework that 
determines the configuration of each ply of a composite laminate panel to achieve the 
desired blast resistance characteristics at minimum thickness. Both of the Modified MSM 
and IMEA are integrated into the framework for the optimization analysis. This chapter 
focuses on developing an optimization computational framework by developing MATLAB 
codes and PYTHON codes to employ previously developed and validated processes. In this 
framework, first an optimization analysis using modified MSM-INFO is performed; then, 
the IMEA process identifies the composition of each ply.    
In this chapter, the developing optimization analysis sequence and the integrating 
IMEA process is discussed. A case study is performed using an optimal four-layer 
composite panel design that is subjected to blast pressure load conditions. The results are 
then compared with the previously discussed multi-scale analysis results. A detailed 
discussion of the integration of MSM-INFO and IMEA are presented in the next section. 
 
4.1: Integration of MSM-INFO and IMEA into a computational framework 
To accomplish the overall objective, the micro-scale configuration design of the 
composite panel, which has light weight and strength simultaneously, and the
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computational framework, which includes MSM-INFO and IMEA concept, were studied. 
The details are described in a later case study (section 4.2), but three design variables: 
thickness of the panel, fiber volume fraction of the layer, and layer orientation, are used to 
perform the initial study.  
The MSM-INFO module is used for one of the nonlinear constraints in the 
optimization framework to find optimal orthogonal material properties and thickness data. 
A MATLAB file for nonlinear constraints is written using design variables, which are the 
thickness variable that is controlled in the ABAQUS input file immediately, and the 
material properties variables that are controlled in INFO module. Through MSM-INFO 
implementation and applying Python codes, the file calculates a maximum stress and strain 
of the structure in the entire calculation (Figure 28-(a)). These maximum values are used in 
two non-linear constraints where maximum stress and strain are less than the value at the 
failure point, and these constraints are employed in the optimization framework. The 
objective function of the optimization framework minimizes the thickness of the panel to 
find the optimal thickness and the material properties information (Figure 28-(b)). The 
initial point of the optimization is utilized from the result using a pre-nominate optimization 
framework with a one-way coupled multi-scale method using variables such as thickness 
and composite material properties. This first step produces the optimal thickness and 
optimal material matrix information, which needs to be converted for practical design of the 
micro-scale configuration. 
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Figure 28: First step of the computational framework, Optimization framework. 
     
Then through IMEA, the formerly obtained optimal result from the first step is 
inversely calculated to the optimal orientation, fiber volume fraction, and thickness. A non-
linear formulation is used to consider high strain rate effect, a simple composite strength 
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equation, and a Classical Laminate Theory. Through this second step, the computational 
framework obtains the optimal micro-scale configuration of the composite panel (Figure 
29). A case study is discussed in the next section to demonstrate the computational 
framework. 
 
 
Figure 29: Second step of the computational framework, IMEA framework. 
 
 
4.2: Optimal Design Case Study Definition - four-layer laminated composite panel 
The overall objective of this optimization study is to design a four-layer laminated 
composite panel that is lightweight and blast resistant. Three design micro-scale variables: 
thickness of the layer, orientation of the layer, and fiber volume fraction of each layer are 
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used in this study. The design objective is to find the minimum total thickness of the blast 
panel, which satisfies the two constraints:  
1) the maximum stress needs to be less than the stress at the failure point and  
2) the maximum strain needs to be less than the strain at the failure point.  
In this study, the optimization is performed with simplified conditions of each layer 
being of the same thickness, the orientation of the first (a) and third (c) layer being fixed, 
allowing the second (b) and fourth (d) layer to be oriented between 0 and 90 degrees, and 
the fiber volume fraction of the each layer being identical (Figure 30). This limitation 
reduces the 36 material constants of the composite material to the six constants. 
 
Figure 30: Design variables for four-layer composite panel design optimization. 
 
The FMINCON function of MATLAB is used to find the minimum thickness of the 
composite panel; seven variables, which include thickness (x(1)) and the six composite 
material constants (x(2) to x(7)), are used in the optimization frame. The above two non-
linear constraints are comprised by a MATLAB code that includes MSM-INFO and 
PYTHON codes to perform ABAQUS Explicit analysis. To consider failure mechanisms, 
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the Tsai-Wu failure criteria (Tsai and Wu, 1971) is used in the computational framework 
for this preliminary study. The matrix failure, Fmatrix, is given as  
2 12 2 2 2
2 2 12 2 2
22 ( )   
 
 
  matrix
S CF
S C S S C
                                                           (19) 
, with the transverse stress σ2, the shear stress σ12, the transverse tensile strength S2, 
the shear strength S12, and the transverse compressive strength C2.  
, where failure is assumed at  
1matrixF                                                                                                           (20) 
, and the fiber failure, Ffiber,  is determined from 
1
1
2   
 
 fiberF S
                                                                                              (21) 
, with the longitudinal stress σ1, the longitudinal tensile strength S1, and the ratio of 
the shear stress  . 
, where failure is assumed at  
1fiberF .                                                                                                          (22) 
The ratio of the shear stress is determined from 
12
12
12
12
12
12
2 3 4
2 4
2 3 4
2 4
 





G
S S
G
                                                                                          (23) 
, with the nonlinear shear stress parameter α, and the shear modulus G12. 
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This macro-mechanical criterion considers multi-directional laminate composite 
failure as opposed to the micro-mechanical failure criteria, which estimates the ultimate 
failure. The micro-mechanical failure criterion is more appropriate for initial failure of the 
composites (Daniel, 2006). The five material properties for the failure theory were 
calculated by MAC code and three properties were compared with literature (Gundel and 
Wawner, 1997; Li and Wisnom, 1995) in Table 8.  
 
Table 8: Material properties for the failure theory. 
 
  
Longitudinal 
tensile  
Strength,  
S1 (MPa) 
Transverse 
tensile  
Strength, 
S2 (MPa) 
Shear 
strength, 
S12 (MPa)
Transverse 
compressive 
strength,  
C2 (MPa)  
Nonlinear shear 
stress 
parameter,  
α 
MAC result 3360  748  370  2010  0.25 
Literature  
1252 
(measured)
3048 
(calculated)
263 
(debonding)
269 ---  --- 
 
A four-layer composites panel design optimization case study is performed using 
the computational framework, and a detailed discussion is presented in the next section.  
 
4.3: Results - four-layer laminated composite panel 
The overall micro-scale configuration of the composite panel design process is 
performed in two steps with several modules. The first step, Optimization, includes the 
ABAQUS Explicit solver, BEST software for calculating blast pressure load, and MSM-
INFO for providing material information at certain strain rates. From given micro-scale 
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design variables, the MSM-INFO produces maximum stress and strain. The INFO module 
provides a material matrix to each of the ABAQUS time increment using strain rate 
information from pre-run one-way coupled analysis, and the BEST provides blast pressure 
load history. The maximum stress and strain data is used for non-linear design constraints 
and the optimization framework produces the optimum results, which needs to be converted 
for practical design parameter.  
The second step, IMEA, includes the inverse calculation (Figure 31). Through the 
inverse calculation, previous optimum results are converted to the practical design 
parameter, layer orientation, fiber volume fraction of the each layer, and thickness of the 
each layer in this second stage. 
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Figure 31: Micro-scale configuration design process. 
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The starting point of the optimization is from the results of a previously executed 
simple optimization frame using the one-way coupled multi-scale simulation capability 
(Kim et al, 2013). The optimum results of the design variables (x(1) to x(7)) are obtained. 
Sequentially, a micro-level configuration of the composite panel is obtained by the IMEA 
inverse calculation and the result of the optimal thickness, optimal fiber volume fraction, 
and the optimal orientation are presented in Table 9. To check the inverse calculation result, 
comparisons of the maximum displacement measurements and failure checks are performed. 
Both of the optimization and IMEA results show the identical maximum displacement at 
the bottom layer, and both results show no failure in the entire structure.  
 
Table 9: Results comparison from the optimization frame and the IMEA frame. 
 
  Step 1: Optimization Step 2: IMEA 
Starting point 
Initial values of x(1)~x(7) have  
Thickness = 0.10m  
Fiber Volume Fraction = 0.5 
Orientation = 45degree  
---  
Optimal Value  
x(1) = 0.1980 
x(2) = 443850 
x(3) = 360730 
x(4) = 161490 
x(5) = 67895 
x(6) = 17933 
x(7) = 14227 
Optimal Thickness = 0.1980m 
Optimal Fiber  
Volume Fraction = 0.4006 
Optimal Orientation =  
0.7077 (40.54 in degree) 
Maximum  
displacement (m) 
at bottom layer 
0.005863 0.005994 (MSM-INFO) 
Failure  None None 
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The optimal micro-scale configuration design of the composite panel from a result 
appears as a four-layer composite panel, which has a dimension of 1m width by 1m length 
by 0.1980 (m) thickness, and each layer of the panel has 0.4006 fiber volume fraction and 
has 0-40.54-0-40.54 degree layer orientation (Figure 32). 
 
 
Figure 32: Results from the optimization frame 
 
This optimization result is compared with an early stage fully-coupled MSM result 
and one-way multi-scale method results using two different solvers in Table 10. The first 
two results (0.005994, 0.00612) are comparable because both results consider the strain rate 
effect during calculation. On the contrary, the third and fourth results (0.00512, 0.00498) 
were different from the first two results because they do not consider the strain rate effects. 
A good agreement with previously validated fully-coupled MSM result demonstrates the 
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appropriateness of the overall micro-scale configuration design process. An additional case 
study using a sandwich panel is presented in the next section.  
 
Table 10: Comparison results using maximum displacement. 
 
  
Optimization 
result 
Fully-coupled 
MSM 
One-way  
ABAQUS Explicit
One-way         
LS-DYNA 
Maximum 
displacement (m) 
at bottom layer 
0.005994 0.00612 0.00512 0.00498 
Failure  None None None None 
Strain Rate 
Effect  
Included Included Excluded Excluded 
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CHAPTER 5: 
A CASE STUDY OF A SANDWICH PANEL DESIGN 
 
The objective of this chapter is to present a case study of a sandwich structure that 
strengthens the fiber-reinforced composite panel discussed in the previous section. To 
impart significant reinforcement, the roles of energy dissipation are considered by engaging 
rubber panels to an existing structure. Additional structural stability is expected on the top 
of the reinforcement. The overall panel structure consists of a hyper-elastic rubber material 
placed between two four-layer silicon carbide fiber-reinforced titanium alloy matrix 
composites panels.  
This chapter supplements the previously presented computational framework by 
considering the lamination of dissimilar material using adhesive. Additional layers of 
adhesive and center material are added and an optimal design case study is performed using 
the sandwich structure, which is subjected to the blast pressure load condition. The optimal 
design result of this chapter is compared to the previous results to identify the role of the 
additional energy dissipative rubber material. A more detailed background on the sandwich 
structure is discussed in the next section.  
 
5.1: Sandwich Structure 
The sandwich structure takes advantage of the various material properties, such as 
density, high-energy absorption capacity at a low weight, and bend resistance. The physical 
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phenomena related to the energy absorbing materials has been studied in different 
disciplines (solid mechanics, material science, physics). In the field of the analysis and 
design of energy-absorbing materials, the dynamic behaviors of materials are studied, such 
as metal plates and polymer matrix composites (Goldberg et al, 2005; Binienda, 2004; 
Cheng and Binienda, 2006), ceramic armors (Lopez-Puente et al, 2005; Sarva et al, 2007), 
magneto-rheological fluids (El et al, 2002), porous NiTi shape memory alloys (Miyoshi et 
al, 1999). Also studied are structures capable of resisting blast events (Meyers, 1994; 
Nesterenko, 2001). The fiber-reinforced composites, addressed in the previous chapter, is 
undoubtedly a typical high energy-absorbing material, but the sandwich structure can 
account for other energy dissipate materials, such as a rubber material. 
The sandwich structure in this chapter, which consists of a hyper-elastic rubber 
material placed between two four-layer silicon carbide fiber-reinforced titanium alloy 
matrix composites, provides a study of the panel design using additional energy dissipative 
materials. The advantage of the sandwich structure is that it protects the occupant from the 
explosion. Rubber materials are not only widely used in vibration areas due to its inherent 
physical characteristic of withstanding large strains and its damping performance, but 
rubber materials are also used in the protection area as energy absorbing material. 
The details are described in a later case study (in section 5.2) with five design 
variables: thickness of the each three panels (*1, *2, *3 in Figure 33), layer orientation (*4 
in Figure 33), and fiber volume fraction of the layer (*5 in Figure 33). A case study applies 
the previous computational framework with additional codes to implement energy 
absorbing characteristics of the rubber, using an energy-based hyper-elastic material model 
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of the Mullins effect (Mullins, 1969) (Figure 33). Several experimental data to apply the 
Mullins effect were obtained from the literature and are presented in more detail in the next 
section. Additional layers of the adhesive are employed to consider de-lamination of the 
heterogeneous materials, which is the rubber and the silicon carbide fiber reinforced 
titanium composites. A detailed discussion of the case study is presented in the next section.    
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Figure 33: Sequence of the computational framework to design sandwich structure. 
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5.2: Optimal Design Case Study Definition - sandwich structure 
The overall objective of this optimization study is to design a sandwich panel 
structure that is lightweight and blast resistant. Five design micro-scale variables are used 
in this study: (1) thickness of the composites on the top, (2) thickness of the rubber in 
middle, (3) thickness of the composites on the bottom, (4) orientation of the layer, and (5) 
fiber volume fraction of each layer. The design objective is to find the minimum total 
thickness of the blast panel, which satisfies the two constraints:  
1) the maximum stress needs to be less than the stress at the failure point and  
2) the maximum strain needs to be less than the strain at the failure point.  
In this study, the optimization is performed with simplified conditions of each layer 
of the composites on the both sides being of the same thickness, the orientation of the first 
(a) and third (c) layer being fixed, allowing the second (b) and fourth (d) layer to be 
oriented between 0 and 90 degrees, and the fiber volume fraction of the each layer being 
identical. Two additional layers to consider adhesive are located between the top and 
middle and the middle and bottom, respectively (Figure 34). 
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Figure 34: Design variables for sandwich panel design optimization. 
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The FMINCON function of MATLAB is used to find the minimum thickness of the 
composite panel as in the previous case study in section 4.2 and nine variables, which 
include thicknesses of the top, middle and bottom structure (x(1), x(8), x(9)) and material 
constants of the composites (x(2) to x(7)). The above two non-linear constraints are 
comprised by a MATLAB code that includes MSM-INFO and PYTHON codes to perform 
ABAQUS Explicit analysis. 
 To consider the energy dissipation of the middle rubber structure, a hyper-elastic 
material characteristic with the Mullins effect is employed. The transient stress-strain 
response of the rubber under cyclic loading was studied (Mullins, 1969), and ABAQUS 
solver offers a keyword '*MULLINS' that can be used with '*HYPERELASTIC' to model 
the energy functioned hyper-elastic material (Bose et al, 2003). The Ogden-Roxburgh 
model, which forms the basis of the Mullins model, was derived from an energy function in 
hyper-elasticity, even if that shows history dependence under certain conditions (Ogden and 
Roxburgh, 1999). The energy function of the model in terms of deformation gradient tensor 
F is 
( , ) ( ) ( )    F FU U                                                                    (24) 
, where U is the deviatoric part of the strain energy function of the material, and U
is the deviatoric strain energy function that occurs due to the stress-strain curve, resulting 
from monotonic loading of the material as non-linear elastic. A damage function,  , 
quantifies the non-recoverable energy that corresponds to the area between the initial 
monotonic stress-strain curve and the particular stress-strain curve along which unloading 
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occurs. The particular damage function,  , includes material parameters. However, 
when   is active, the particular damage function is determined implicitly in terms of F by 
the preceding equation; conversely, when   is inactive, the function is assumed to have a 
value of unity without any loss of generality. The constitutive equation of the Mullins effect 
has a deviatoric devU and volumetric parts volU of the total strain energy, 
dev volU U U                                                                                                    (25) 
, and using an energy argument function as 
( , ) ( ) ( ) ( )         eli dev i volU U U J                                                           (26) 
, where ( ) dev iU is the deviatoric part of the strain energy density of the primary 
material response, and ( ) elvolU J is the volumetric part of the strain energy density. This 
energy function extends material compressibility of the Ogdan-Roxburgh model; a 
validation of the Mullins model is shown in Figure 35 (Paige and Mars, 2004). 
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Figure 35: Comparison for Mullins effect (Paige and Mars, 2004). 
   
To apply this energy based hyper-elastic material model within the computational 
framework, a set of uni-axial test data for filled rubber is found from Cooper Tire and 
Rubber Company to implement the keyword '*MULLINS' with '*HYPERELASTIC'. To 
verify that the model works properly within the computational framework, the comparison 
of the blast analysis results between the Mullins effect and the pure Ogdan-Roxburgh 
model is performed with an arbitrary design. The details of the design and comparisons are 
presented in Table 11. The thickness of the top composites, middle rubber, and bottom 
composites are given as 0.07m, 0.06m, and 0.03m, respectively; the fiber volume fraction 
of the composites is given as 0.4; and the layer orientation of the composites is given as 0-
45-0-45 (degree). 
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Table 11: Comparison for Mullins effect using the blast analysis results 
 
  Without Mullins effect With Mullins effect 
Design of the 
panel 
Top composites thickness : 0.07 
Middle rubber thickness : 0.06 
Bottom composites thickness : 0.03 
Fiber Volume Fraction of the composites : 0.4 
Layer Orientation of the composites : 45 (degree) 
Results 
(Bottom 
composites only) 
Maximum  
displacement (m) 
of the Bottom 
composites 
0.006846 0.00599 
 
  
Maximum displacement of the bottom composites is measured to compare the 
results, and the smaller displacement of the Mullins effect shows that the energy dissipation 
of the rubber is applied appropriately in the model. 
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Additional considerations when determining the sandwich structure are included in 
the framework. Cohesive elements (COH3D8) of the ABAQUS solver are used to interface 
adhesive layer. A traction-separation law with uncoupled behavior between the normal and 
the shear components defines the elastic response of the interface. The 'Traction Separation' 
option is selected with a negligibly thin adhesive layer assumption. A sandwich panel 
design optimization case study using the above-mentioned theories is performed with the 
computational framework. The FMINCON algorithm is sufficient for nine design variables 
in this case study, however more design variables would demand advanced inverse 
techniques, accompanied with expensive computational cost. Therefore, to execute the 
computational framework much more effectively, additional literature was reviewed on the 
optimization algorithm and the study of the reliable efficient optimization codes were 
undertaken sequentially. A more detailed discussion of the results is presented in the next 
section.  
 
5.3: Results - sandwich structure 
The overall micro-scale configuration of the sandwich panel design process is 
performed in two steps with several modules, as discussed in section 4.3. The first step, 
Optimization, includes the ABAQUS Explicit solver, BEST software for calculating blast 
pressure load, and MSM-INFO for providing material information at certain strain rates. 
The second step, IMEA, includes the inverse calculation. Additionally, two more design 
variables are used in this case study as in Figure 36. This study follows the same flow as 
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with the previous four-layer composites panel design case study, but with two additional 
design variables.   
 
Figure 36: Optimal design process of sandwich panel. 
 
The starting point of the optimization is set up from the results of a previously 
executed simple optimization frame using the one-way coupled capability (Kim et al, 2013) 
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for the composite part, and the middle point of the variance is used for the rubber part 
thickness. The optimal configuration of the composites structure is obtained as x(2) to x(7). 
Sequentially, a micro-level configuration of the sandwich panel is obtained by the IMEA 
inverse calculation. Table 12 shows this optimal thickness, fiber volume fraction, and the 
laminated orientation. To verify the results, maximum displacement measurements and 
failure checks are performed. Both of the optimization and IMEA results show the identical 
maximum displacement at the bottom layer, and both show no failure in the entire structure. 
 
Table 12: Results comparing the optimization frame and the IMEA frame. 
 
  Step 1: Optimization Step 2: IMEA 
Starting point 
Initial values of x(1)~x(7) have:  
Thickness = 0.06m ,  
Fiber Volume Fraction = 0.5 , 
Orientation = 45degrees  
x(8) = 0.06 
x(9) = 0.06  
---  
Optimal Value  
x(1) = 0.092 
x(8) = 0.074 
x(9) = 0.053 
----------------------------- 
x(2) = 442700 
x(3) = 360880 
x(4) = 161380 
x(5) = 67314 
x(6) = 17448 
x(7) = 14425 
Optimal Thickness = 0.219 (m) 
 
Optimal Fiber  
Volume Fraction = 0.3992 
 
Optimal Orientation = 0.7213 
(41.32 degrees) 
Maximum  
displacement (m) 
at bottom layer 
0.005324 0.005401 (MSM-INFO) 
Failure  None None 
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The optimal micro-scale configuration design of the sandwich panel appears as a 
structure in Figure 37, and has dimensions of 1m width by 1m length by 0.219 (m) 
thickness (0.092m top composites, 0.074 rubber, 0.053 bottom composites), and each layer 
of the composite material has a 0.3992 fiber volume fraction and has 0-41.32-0-41.32 
degree layer orientation.  
 
Figure 37: Results from the optimization frame. 
 
This optimization result is compared with an early stage, fully-coupled MSM result 
to validate the result from evaluated MSM framework in Table 13. Two results, (0.005401, 
0.005472), show a comparable result, since both results consider the strain rate effect 
during calculation. A good agreement with previously validated, fully-coupled MSM 
results demonstrates the properness of the overall micro-scale configuration design process 
for the sandwich panel as well as the four-layer composite panel in section 4.3.  
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Meanwhile, to verify the energy dissipation of the rubber in physics, two additional 
comparisons are performed. Rubber dissipates energy under cyclic loading through 
hysteresis caused by friction, stress softening, crystallization, and structural breakdown.  
 A friction hysteresis phenomenon is also called internal viscosity where the rearranging 
molecules due to the load make the sliding of the chains relative to one another. This 
temperature dependent phenomenon reduces hysteresis when temperature has increased, 
since the increased mobility makes a reduced viscosity.  
 A stress softening hysteresis, also called the Mullins effect (Mullins, 1969) is discussed 
in section 5.2, refers to a damping characteristics that changes under repeated loading 
conditions.  
 A crystallization hysteresis refers to large extensions and retractions that lead to the 
crystallized formation regions in the rubber that frequently increases the strength.  
 A structural breakdown hysteresis refers to the breakdown of the carbon particles to 
make the dissipation.  
Among the typical hysteresis theories, the first two, friction and stress softening, are 
employed in this computational framework. Two different physical-based analyses are 
performed for a comparative analysis using the optimal configuration and blast load from 
Table 13: Comparison results using maximum displacement. 
 
  Optimization result Fully-coupled MSM
Maximum displacement (m) at bottom layer 0.005401 0.005472 
Failure  None None 
Strain Rate Effect  Included Included 
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the previous optimization study. In the first analysis, the rubber material with the Mullins 
effect is replaced with pure elastic rubber, which refers to zero damping material. In the 
second analysis, the rubber material is removed and both top and bottom composite 
material are bonded using an adhesive layer.  
The structure design of these physical-based analyses are presented in Table 14, 
including the previous optimal configuration sandwich panel design, the design with the 
removed damping from rubber material, and the design with the removed rubber structure. 
Both conditions were compared to the previous optimal configuration design of the 
sandwich structure using the maximum displacement of the bottom layer in Table 15. 
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Table 14: Structure design for comparison analysis. 
 
Base line 
(with dissipation) 
Design 
Compare 1 
(without damping) 
Design 
Compare 2 
(without rubber) 
Design 
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Table 15: Comparison analysis results for energy dissipation theory. 
 
Base line 
(with dissipation) 
Maximum displacement at bottom layer 
0.005324 (m) 
Compare 1 
(without damping) 
Maximum displacement at bottom layer 
0.006361 (m) 
Compare 2 
(without rubber) 
Maximum displacement at bottom layer 
0.007712 (m) 
 
The maximum displacements of the base line, which comprises energy dissipation theory 
using Mullins effect shows the smallest results, and this comparison analysis presents that 
our computational framework also possesses the valid physics background of energy 
dissipation. The optimal design results of the four-layer composites panel and sandwich 
panel are discussed in detail with comparison in the next section.  
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5.4: Comparison between four-layer composite panel and sandwich panel results 
The optimal design result of the four-layer composites panel from section 4.3 is 
compared to the optimal sandwich panel design from section 5.3 in this section. Both 
optimal designs originate from the same global-scale design objective, which is to find the 
minimum thickness of the panel and the same constraints, which are 1) the maximum stress 
needs to be less than the stress at the failure point and 2) the maximum strain needs to be 
less than the strain at the failure point.  
The optimal design of both panels (Figures 38 and 39) indicates that the maximum 
displacement is at the bottom layer. Table 16 compares the optimal design, weight, 
maximum displacement at the bottom layer, and the failure status in the overall structure in 
both structures.   
 
 
Figure 38: Optimal design of the four-layer composites panel. 
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Figure 39: Optimal design of the sandwich panel. 
 
Table 16: Comparison between two optimal panel designs. 
 
  Four-layer composites panel Sandwich panel 
Optimal  
design 
Total Thickness : 0.1980 (m) 
Fiber Volume Fraction  
of the composites : 0.4006 
Layer Orientation of the composites  
   : 0.7077 (40.54 in degree) 
Total Thickness  : 0.219 (m) 
Fiber Volume Fraction  
of the composites : 0.3992 
Layer Orientation of the composites 
   : 0.7213 (41.32 in degree) 
Total weight 763.872 (kg) 640.802 (kg) 
Maximum  
displacement  
0.00586 (m) 0.005401(m) 
Failure  None None 
 
 
In contrast to expectations, the total thickness of the optimal sandwich panel was 
observed as larger than the total thickness of the four-layer composites panel. An additional 
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middle rubber panel should have enlarged the energy dissipation more than the four-layer 
silicon carbide fiber-reinforced titanium composites panel. However, as observed in the 
maximum displacement comparison, the rubber panel dissipated less energy than expected. 
From these results, the optimal design of the sandwich panel does not function properly. 
However, the overall objective of this work is (1) to develop a computational 
framework that determines the configuration of the panel to achieve the desired blast 
resistance characteristics at minimum thickness and (2) to extend the framework’s 
capabilities from the sole composites material structure to the heterogeneous material 
structure. Furthermore, if the design objective is changed from determining the thickness 
minimization to the weight minimization, then the optimal design of the sandwich structure 
is improved, as verified in the total weight comparison in Table 16. Various possibilities of 
this computational framework are summarized in the next Chapter.  
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CHAPTER 6: 
CONCLUSIONS AND RECOMMENDATIONS 
 
The preceding pages contain an exploration of how the computational framework 
changes the process of designing the blast resistance panel to satisfy mutually competing 
objectives, weight reduction, and a high level of survivability. Specific conclusions from 
this exploration and a set of recommendations for future work are presented in this last 
chapter.   
 
6.1: Conclusions 
In this research, the creation of a fully-coupled Multi-Scale Method (MSM) through 
coupling between the MAC code and the ABAQUS Explicit solver module is presented. 
With the ability to conduct blast event simulations, MSM for composites is integrated in 
these simulations for including constitutive material properties of composites in the 
analysis and propagating information from the micro cell level to the global structural level. 
Additional developments for high strain rate analyses have been performed using a new 
micro-scale material model as well. For the micro-level configuration design of the 
composite, an Inverse Material Engineering Algorithm (IMEA) approach with reduced 
computational cost is presented. The iteration process between the MAC code and the 
ABAQUS Explicit module is substituted by the MSM-INFO module, which uses the strain 
rate information. The possibility and reality of the approach is demonstrated by the manual
107 
 
inverse calculation validation study, and the algorithm is developed accordingly. The 
computational framework, which includes the optimization frame and the IMEA frame, is 
developed, and the results of the framework are presented. The optimal micro-scale 
configuration design of the composite panel is calculated, which satisfies the lightness and 
blast resistance requirements simultaneously. An additional optimal design study of the 
sandwich panel using the same design objective and constraints is presented, and the results 
are compared to the previous composite panel design. 
The newly developed computational framework is highly valuable for designing 
composite material structures and satisfying two ever-present conflicting objectives: lighter 
weight and strength in performance. Further, modification of the IMEA extends the variety 
of the design variable using mathematically defined boundary conditions, advanced hybrid 
numerical-experimental inverse techniques, and uncertainty inverse methods, as discussed 
in Chapter 3. A simple modification in the optimization algorithm and the optimization 
sequence allows this frame to have more computational efficiency, as discussed in Chapter 
4. Moreover, this framework has outstanding applicability to structures that consist of 
heterogeneous materials, as discussed in Chapter 5.    
One important conclusion of this research is that this new computational framework 
enables multi-scale modeling of the composites over large strain rate loading conditions. 
Not only are the blast event simulations considered, but also various load conditions can be 
applied to the design of micro-scale configurations of the composites. Design parameters 
other than those used in this research, such as different kinds of raw material for the fiber 
and the matrix, variables for particle-reinforced composites, and different structures of the 
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panel, can also be included into the computational framework without difficulty for the 
design of the composites with computational efficiency. This novel optimization 
computational framework not only capacitates multi-scale modeling of the composites 
panel, but also accommodates multi-scale design optimization of many different structures. 
Optimal micro-scale design variables that satisfy global-scale design objectives and 
constraints can be calculated together without computational cost problems.  
 
6.2: Recommendations for Future Work 
The results showed the feasibility of the proposed multi-scale modeling process for 
optimally designing blast resistant composite panels for lightweight vehicles using a 
computational framework. In the future, to extend the capabilities of the computational 
framework and to bring this process to the full implementation, the following research tasks 
are recommended: 
 
Task 1: Improvement on the IMEA considering increased design variables of the 
complicated material model. 
Based on the results in Chapter 3, all design variables from the four-layer composite 
panels are limited to identical layer thickness, partially fixed layer orientation, and specific 
fiber-reinforced composite structures. Therefore, more theories for composite materials 
discussed in section 3.2 should be included to extend the capabilities of the overall design 
process. The advanced hybrid numerical-experimental inverse technique and uncertainty 
inverse methods would extend the capability. Since the increase of the design variables will 
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require an improved boundary condition in the inverse calculation, a more mathematically 
extended inverse mapping algorithm should be included to facilitate the multi-scale design 
optimization. 
 
Task 2: Improvement on the design optimization process for greater efficiency. 
With the current optimization framework using a fundamental optimization code 
'FMINCON', the computational efficiency of the computational framework has to be 
limited under certain conditions. Increased micro-scale design variables, complicated 
boundary conditions, and advanced inverse techniques make the computational framework 
more expensive. Accordingly, the performance aspect of the optimization algorithm should 
also be considered. To accomplish this aspect, use verified and reliable efficient 
optimization codes to obtain an optimal design result with reduced computational cost 
using an iterative algorithm, a random gradient approximation, or a heuristic algorithm.   
 
Task 3: Performance test of the computational framework using various structures of the 
blast resistant panel. 
Finally, without the performance test of the panel design process using the 
computational framework, all of the claims in terms of the superiority of the proposed 
computational framework would still be questionable when compared to other types of 
panels or the same type of panel as designed by other processes. Thus, the performance test 
is critically significant for the potential use of this proposed multi-scale optimal design 
process. 
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